Nuclear protein kinases are believed to play important roles in regulating gene expression. We report here the identification and developmental expression of Dmnk (Drosophila maternal nuclear kinase), a Drosophila gene encoding a putative nuclear protein serine/ threonine kinase with no apparent homology to previously identified protein kinases and located at 38B on the second chromosome. Dmnk mRNAs are transcribed in nurse cells and are subsequently localized in the anterior of oocytes during oogenesis, in a manner similar to several maternal transcripts regulating oogenesis and early embryogenesis. At early cleavage-stages Dmnk transcripts are transiently present throughout the embryo, but become restricted to the posterior pole and then to the newly-formed primordial germ cells (pole cells) by the blastoderm stage. The transcripts are sustained in the pole cells during gastrulation until they pass through the midgut pocket wall into the body cavity. Immunostaining with specific antibodies revealed that Dmnk proteins are localized to the nuclei in a speckled pattern. Dmnk proteins become detectable in both somatic and germ line cell nuclei upon their arrival at the periplasm of the syncytial embryo, but then disappear from the somatic cell nuclei. Consistent with mRNA expression, Dmnk proteins in pole cell nuclei are sustained during gastrulation. Taken together, Dmnk represents a novel class of nuclear protein kinases and the dynamic expression of Dmnk suggests a role in germ line establishment. The results are discussed in the light of recent findings concerning germ line establishment in Caenorhabditis and Drosophila.
Introduction
The distinction between soma and germ line is essential for the development of multicellular organisms (Denis and Lacroix, 1993; Williamson and Lehmann, 1996) . During the development of all animal embryos, certain cells must remain totipotent to form the reproductive cells, or germ cells, for producing the next generation. However, the mechanisms that distinguish somatic cells from germ line cells are still poorly understood. In Drosophila, the cytologically-defined pole plasm or functionally-defined germ plasm is supplied maternally and is localized at the posterior pole of the egg and is required for the formation of the precursors of germ cells (pole cells) (St Johnston, 1993; Rongo and Lehmann, 1996) . So far, genetic screens have identified 12 genes required for the formation of posterior pole plasm : oskar, vasa, valois, tudor, cappuccino, spire, staufen, pipsqueak, mago nashi, orb, homeless and tropomyosin II (St Johnston, 1993; Rongo and Lehmann, 1996) . In addition, two genes, mitochondrial 16S large rRNA (mtlrRNA) and germ cell less (gcl) have been implicated in primordial germ cell (pole cell) formation rather than in germ plasm formation (Kobayashi and Okada, 1989; Jongens et al., 1992) .
One characteristic that can distinguish germ cells from somatic cells in early embryos is the downregulation of the synthesis of new messenger RNAs. In Drosophila embryos, it has been shown that somatic nuclei, but not germ-line nuclei, incorporate [ U at the blastoderm stage (Lamb and Laird, 1976; Zalokar, 1976; Kobayashi et al., 1988) . It is possible that transcriptional repression is part of the germ cell determination process, by preventing gene expression that would otherwise promote somatic differentiation. It has been shown that protein kinases and/or protein phosphatases, that regulate the phosphorylation states of RNA polymerase II (RNAP II), play a critical role in the transcriptional repression of totipotent germ cells and of cells during mitosis (Gottesfeld and Forbes, 1997; Seydoux and Dunn, 1997; Steinmetz, 1997) . In fact, it was shown that, in both Drosophila and Caenorhabditis embryonic germ cells, inhibition of mRNA production correlates well with a specific modification in the phosphorylation pattern of RNAP II (Seydoux and Dunn, 1997) . In Caenorhabditis, it is suggested that phosphorylated RNAP II may exist in two forms in vivo: an inactive form (a storage form) localized to discrete subnuclear domains, known as 'speckle' domains, and an active form engaged in transcription, localized in the nucleoplasm (Seydoux and Dunn, 1997) .
The roles of various nuclear protein kinases in the regulation of gene expression have begun to emerge. Protein kinases that phosphorylate the C-terminal domain (CTD) of RNAP II in vivo, the CTD kinases, have recently been identified as the cyclin-dependent kinase (Cdk) MO15/Cdk-7 in vertebrates and KIN28 in yeast (reviewed in Dahmus, 1996) . KIN28 is required for RNA synthesis, and RNAP II phosphorylation is drastically reduced at the restriction temperatures in the kin28-ts mutant (Valay et al., 1995) . Most of the CTD kinases so far identified are known to be localized in the cell nucleus at a particular cell cycle phase(s). In addition to the CTD kinases, it has been shown that a family of dual specificity kinases (termed 'LAMMER' kinases), that are localized to nuclear speckles, are involved in phosphorylation of SR splicing factors (members of the serine/ arginine-rich (SR) family of splicing factors), thereby regulating their distribution (Ben-David et al., 1991; Howell et al., 1991; Duncan et al., 1995; Colwill et al., 1996; Misteli and Spector, 1997) .
Here we report the identification and developmental expression analyses of a novel Drosophila nuclear protein serine/threonine kinase, Dmnk (Drosophila maternal nuclear kinase). Dmnk proteins become detectable in both somatic and germ line cell nuclei upon their arrival at the periplasm of the syncytial embryo, but then disappear from the somatic nuclei. On the other hand, Dmnk proteins expressed in germ cell (pole cell) nuclei are sustained during gastrulation. Dmnk proteins within the nuclei appear to be localized to distinctive subnuclear domains, similar to the so called 'speckle' domains. The unique spatio-temporal expression pattern and structural features of Dmnk indicate that Dmnk is a novel class of nuclear protein kinases. Furthermore, these results suggest a role of Dmnk in germ line establishment by modulating gene expression (i.e. transcription and/or pre-mRNA splicing) in germ line cells. We also show that the expression of Dmnk is developmentally regulated at the level of mRNA processing, as illustrated by the generation of two alternatively-spliced transcripts encoding catalytically-active kinases with and without a 17-amino acid insertion in their N-terminal domains.
Results

Cloning of Dmnk cDNAs
In an attempt to identify novel protein kinases involved in Drosophila development, we searched for novel protein kinases that exhibit unique spatio-temporal expression patterns Ueno et al., 1997) . In brief, Drosophila genomic DNA was PCR-amplified using degenerate oligonucleotide primers corresponding to well-conserved stretches of amino acids in protein kinases. After subcloning the amplified products, several were found to encode protein kinases, and one encoded a kinase region with no significant homology to those of previously-identified protein kinases. Using this amplified region as a probe, we screened cDNA libraries from early Drosophila embryos (0-4 h) (see Section 4). cDNA clones were isolated from the cDNA library and the longest cDNA insert (~2.2 kb) for Dmnk was further characterized. The nucleotide sequence of this Dmnk clone contains one long open-reading frame (ORF) with in-frame stop codons preceding the first ATG (Fig. 1) . In addition, sequences upstream of the putative translation start site (the first ATG) matched the Drosophila consensus for translation initiation (Cavener, 1987; Cavener and Ray, 1991) . The Dmnk cDNA encodes an open reading frame of 476 amino acids with a calculated molecular weight of 54 259 Da (Fig.  1) . 3′ non-coding sequences contain a putative polyadenylation signal and three AUUUA (ATTTA) motifs (Fig. 1 ) that may have a destabilizing function (Sachs, 1993; Chen and Shyu, 1995) .
Structural features of Dmnk
The Dmnk cDNA encodes amino acid sequences of a canonical protein kinase domain, including a putative ATP-binding domain (Fig. 1) . The amino acid residues conserved within the protein serine/threonine kinase family are found in Dmnk, indicating that Dmnk is a member of this family (Hanks et al., 1988; Hanks and Quinn, 1991) . Dmnk has a putative nuclear localization signal sequence (PTKRSRR) at its C-terminus (Dingwall and Laskey, 1991; Garcia-Bustos et al., 1991) . A homology search using BLAST revealed that the Dmnk protein does not exhibit significant homology with the previously-reported nuclear protein kinases (see Section 3), indicating that Dmnk belongs to a novel class of nuclear protein kinases. In addition, there are multiple potential phosphorylation site sequences within Dmnk protein that may be targeted by other previously-characterized protein serine/threonine kinases, including glycogen synthase kinase-3, casein Fig. 1 . Nucleotide sequence of Dmnk cDNA and deduced amino acid sequence of Dmnk gene products. The depicted nucleotide sequence corresponding to the open reading frame (ORF) was derived from the longest 2.2-kb clone (pNB-Dmnk). In-frame terminator codons in the 5′ untranslated region were found 126, 231, 234 and 264 base pairs upstream of the putative translation initiation start site. The Dmnk cDNA encodes an ORF of 476 amino acids with an estimated molecular weight of 54 259 Da. 3′ non-coding sequences contain a putative polyadenylation signal (boxed) and three AUUUA (ATTTA) motifs (underlined) that may exhibit a destabilizing function. A putative ATP-binding motif (GXGXXG-K) is indicated by circles (circled). A putative nuclear localization signal sequence (PTKRSRR) localized at its C-terminus is underlined twice. Potential phosphorylation site sequences targeted by previously characterized protein serine/threonine kinases are indicated by dotted lines (1, glycogen synthase kinase-3; 2, casein kinase I; 3, cGMP-dependent protein kinase; 4, casein kinase II; 5, S6 kinase II and calmodulin-dependent protein kinase II; 6, proline-dependent protein kinase; 7, cAMP-dependent protein kinase). The two forms of Dmnk proteins exist as a result of (developmentally-regulated) alternative splicing. The difference between Dmnk-L (long) and Dmnk-S (short) is 17 amino acids (indicated by a parenthesis) that is present in Dmnk-L, but not in Dmnk-S. It is noteworthy that this 17 a.a. stretch has a biased amino acid composition (rich in serine residues). kinase I/II, cAMP-, cGMP-dependent protein kinases, calmodulin-dependent protein kinase II and S6 kinase II (Kemp and Pearson, 1990) . It is possible that Dmnk is functionally regulated by other protein kinase(s).
It was found that the developmentally-regulated alternative splicing gives rise to the two forms of Dmnk proteins (Figs. 1 and 6, see below). The only difference between Dmnk-L (long) and Dmnk-S (short) proteins is 17 amino acid residues (corresponding to exon 3 (51 bp)) which is present in Dmnk-L and absent in Dmnk-S. This 17-amino acid (a.a.) stretch, located at the N-terminal region of Dmnk, has a biased amino acid composition (rich in serine residues, see Fig. 1 ). Interestingly, there are two potential phosphorylation site sequences within this 17-a.a. stretch (Fig. 1). 
Expression of Dmnk during Drosophila development
To characterize the temporal expression pattern of Dmnk transcripts, we first performed Northern blot analysis with RNA samples from ovaries, embryos (0-4 h, 4-10 h and 10-22 h), larvae, pupae and adult flies (female, male). Radiolabeled cDNA, covering the entire open reading frame, was used as a probe. The Dmnk probe detected a major band about 2.2 kb in size (Fig. 2) . The Dmnk mRNAs are present at high levels in adult flies (female), in particular in ovaries (Fig. 2) . The expression of Dmnk is detectable in 0-4 h embryos, but drastically decreases thereafter (Fig. 2) . This temporal expression pattern of Dmnk is characteristic of maternal genes.
We next performed in situ hybridization experiments to ovaries and whole-mount embryos using an antisense RNA probe, that detects both the Dmnk-S and Dmnk-L transcripts, to determine the spatial expression pattern of Dmnk transcripts during oogenesis and embryogenesis (see Section 4). Expression of Dmnk was observed from very early in oogenesis, as a patchy staining in region 2 of the germarium and as a single spot in the cyst within region 3 of the germarium (Fig. 3A) . Judging from the localization of Dmnk transcripts in the subsequent stages of oogenesis (see below), the transcripts may already be localized to the oocyte (pro-oocytes) within the germarium (Fig. 3A) . From oogenesis stage 2 a strong localized accumulation of Dmnk mRNAs was detectable in the oocyte. A weaker expression was present in the cytoplasm of the nurse cells, implicating that Dmnk mRNAs are transcribed in the nurse cell nuclei and then transported to the oocyte in a manner similar to many maternal-effect genes (St Johnston, 1995; Grünert and St Johnston, 1996) . This accumulation of transcripts became clearly localized to the anterior edge of the oocytes by oogenesis stage 8 (Fig. 3B) . The expression and localization of Dmnk mRNA during oogenesis is reminiscent of those of Bic-C, Bic-D, orb and K10 transcripts (Suter et al., 1989; Lantz and Schedl, 1994; Mahone et al., 1995; Serano and Cohen, 1995; Grünert and St Johnston, 1996) , all genes affecting pattern formation. Although the distribution of transcripts during late oogenesis was not examined, Dmnk transcripts in early cleavage-stage embryos were found to form an anterior-to-posterior concentration gradient that probably reflects the anterior localization observed during oogenesis (Fig. 3 ). This gradient was not obvious due to the overall high expression of Dmnk transcripts ( Fig.  4A ), but was noticeable in weakly-stained embryos or embryos observed at the start of the staining reaction (data not shown). By pole cell formation (stage 3), the embryo-wide expression had weakened, leaving a strong concentration of transcripts in the very posterior of the embryo and the newly-formed primordial germ cells (pole cells), Fig. 4B , and gradually disappeared from most of the somatic region during the syncytial blastoderm stage (Fig. 4C ). The presence of Dmnk transcripts in the pole cells was sustained during blastoderm and the following gastrulation stages until the pole cells migrated from within the midgut pocket ( Fig.  4D ,E,F). Two weakly-staining bands of expression were visible in somatic regions of the cellular blastoderm roughly corresponding to the anterior portion of the segmented region of the head and the thoracic region (Fig.  4D ).
Expression of Dmnk proteins during embryogenesis
In order to determine the spatial expression pattern and intracellular distribution of Dmnk proteins during embryogenesis, we raised polyclonal antibodies against fusion proteins, Dmnk-L fused to glutathione S-transferase (GST) expressed in Escherichia coli. The specificity of antiDmnk antibodies were assessed using the transient cDNA expression in COS cells. Because our findings predicted the (Cummings and King, 1970) , the transcripts are concentrated at the anterior end of the oocyte (representative oocytes indicated by arrowheads). Bar, 50 mm. weight~56 kDa), were expressed transiently in COS7 cells (see Section 4). Anti-HA or anti-Dmnk immonoblotting of whole-cell lysates from COS cells, transfected with expression vectors encoding either HA/Dmnk-S or HA/ Dmnk-L, revealed that both anti-HA and anti-Dmnk antibodies clearly recognize HA/Dmnk-S and HA/Dmnk-L with expected molecular masses (54 and 56 kDa, respectively) (Fig. 5) . Thus, it became apparent that anti-Dmnk antibodies detect both forms of Dmnk protein (Dmnk-S and Dmnk-L).
We then performed immunoperoxidase staining of whole-mount embryos using anti-Dmnk antibodies (see Section 4). Interestingly, it was found that Dmnk proteins are localized exclusively in nuclei with a speckled pattern (Fig. 7) . This localization of Dmnk to distinctive subnuclear domains, 'speckle' domains, was further confirmed by immunofluorescence microscopic analysis (Fig. 7D) . Mitotic nuclei were similarly stained by anti-Dmnk antibodies, suggesting that Dmnk proteins are associated with a structure(s) that is stable during mitosis (data not shown). The distinct expression of Dmnk proteins was first detected in somatic and germ line cell (pole cell) nuclei at stage 3, when these cell nuclei have arrived at the periplasm of the syncytial embryos and undergone several further nuclear divisions (Fig. 6A) . Expression of Dmnk in somatic cell nuclei disappeared during these divisions (stage 4) (Figs. 6B and 7B), and was not detectable by the cellular blastoderm stage (stage 5), suggesting rapid turnover of the protein (Fig. 6C) . Expression of Dmnk proteins in pole cell nuclei was sustained during gastrulation (stage 8 and 9) and was weakly detectable after the pole cells had migrated into the abdominal cavity (Figs. 6D-F and 7C ). The dynamic expression pattern of Dmnk protein during embryogenesis suggests that Dmnk plays a crucial role in germ line establishment by functioning in the pole cell nuclei. 
brackets). (E, F)
Gastrulating embryos (stages 8 and 9, respectively). Transcripts are detected in the invaginating pole cells (arrowheads). In all cases anterior is left and dorsal is up. It should be noted that the Dmnk probe used recognizes both the Dmnk-S and Dmnk-L transcripts.
Chromosomal mapping and its possible relationship with mutants
To determine the cytological location of the Dmnk gene, a cDNA probe was hybridized to polytene chromosomes (see Section 4). Chromosomal in situ hybridization showed that Dmnk maps to the 38B region of the second chromosome where one of the posterior group genes, valois, is known to be located (valois, 38A-E of the second chromosome, see Schupbach and Wieschaus, 1989) . The chromosomal location of the Dmnk gene, as well as the unique spatio-temporal expression patterns of Dmnk mRNAs and Dmnk proteins during embryogenesis, led us to examine whether the Dmnk gene is identical to the valois gene. To this end, we first performed RT-PCR to amplify total RNAs isolated from ovaries and embryos of wild-type (Canton-S) or homozygous valois mutants (vls 1 and vls 3 ), followed by sequencing. Differences in the nucleotide sequences of the major Dmnk transcript from wild-type and vallois mutants were not detected (data not shown). However, we did detect the same nucleotide substitutions (T to C, at a nucleotide position of 23 within intron 2) within the Dmnk gene of vls 1 and vls 3 mutants, yet the substitutions were not located within conventional splicing sequences (data not shown). In addition, it was found that an aberrant splice variant, that may encode a N-terminal truncated form of the Dmnk protein, can be reproducibly detected in ovaries from vls 1 and vls 3 mutants, but not from wild flies (data not shown), although its biological relevance remains unclear. On the other hand, this aberrant transcript was not found in embryos from wildtype or vls 1 and vls 3 mothers (data not shown) The existence of such an aberrant Dmnk transcript in ovaries may reflect regulation of Dmnk through vls function, but further study will be required to conclude whether vls is allelic to Dmnk or not.
Alternative splicing of the Dmnk gene
During our analysis of the Dmnk loci in vls mutations, it was found that there are two forms of Dmnk transcript: a long mRNA (Dmnk-L) containing a 51 bp (corresponding to 17 a.a.) insertion at the 5′ portion of its ORF and a short one (Dmnk-S) lacking the insertion (Figs. 1 and 8a) . To confirm that the two transcripts arise from a single Dmnk gene as the result of the alternative splicing, the genomic organization as well as cDNA structures of the Dmnk gene were determined by PCR and direct sequencing of the amplified DNAs. As shown in Fig. 8a , sequencing of the exon/intron boundaries of the Dmnk gene revealed that 5′-end of exon 3 also contained a splice donor site that fits to the consensus sequences in Drosophila (Mount et al., 1992) .
To quantitate the two transcripts (Dmnk-L and Dmnk-S mRNAs) during development, we utilized competitive RT-PCR methods (Fig. 8b , see Section 4 for details). Dmnk-S mRNA was abundant in ovaries, yet it decreased drastically in embryos at later stages (Fig. 8b) . On the other hand, changes in the amounts of Dmnk-L mRNA during development were rather modest (Fig. 8b) . Quantitative analyses revealed that the molar ratio of Dmnk-S to Dmnk-L mRNAs was approximately 100:1 in ovaries, while it became 1~5:1 in 10-22 h embryos. The results indicate that the two forms of the Dmnk transcripts are generated by developmentallyregulated alternative splicing, which is known to be an important mechanism for regulating other genes involved in germ line establishment and sex-determination (Laski et al., 1986; Boggs et al., 1987; Bell et al., 1988; Baker, 1989; Laski and Rubin, 1989) .
Discussion
Protein kinases are believed to play crucial roles in development, including cellular proliferation, differentiation and cell death. Here we report a novel Drosophila nuclear protein kinase, Dmnk, that is expressed exclusively in germ cell nuclei. Dmnk possesses canonical amino acid residues conserved among members of the protein serine/threonine kinase family, indicating that Dmnk belongs to this family (Fig. 1) . There are unusually high numbers of putative phosphorylation site sequences within the Dmnk protein which may serve as targets for other previously reported protein kinases (A-kinase, CaMKII etc.), some of which also exist in the nucleus (Fig. 1) . Therefore, it is possible that Dmnk is functionally regulated by other protein kinases. In fact, it was found that the dead-kinase version of Dmnk expressed in COS cells are heavily phosphorylated as assessed by an in vitro anti-Dmnk immune-complex kinase assay (data not shown).
The expression of Dmnk was found to be developmentally regulated by alternative splicing, resulting in the generation of the two forms of Dmnk protein, Dmnk-L (long) and Dmnk-S (short) (Figs. 1, 5 and 8) . Dmnk-S mRNA is abundant in ovaries, yet it decreases during embryogenesis (Fig. 8b) . Meanwhile, the expression level of Dmnk-L mRNA is rather constant throughout early embryogenesis (Fig. 8b) . The ratio of Dmnk-S to Dmnk-L mRNAs is about 100:1, yet they become comparable at later stages of embryogenesis. The difference between Dmnk-L and Dmnk-S proteins is 17 amino acid residues (corresponding to exon 3 (51-bp)) (Figs. 1 and 8) having a serine-rich amino acid composition and two potential phosphorylation site sequences, suggesting that the two forms may be functionally distinct. Interestingly, it was found that a transient overexpression of Dmnk-S, but not Dmnk-L, proteins in COS cells results in apoptosis (data not shown), although the mechanism underlying this phenomenon is entirely unknown.
The spatio-temporal expression pattern shown by Dmnk transcripts is highly complex (Figs. 2-4) . It was found that Dmnk mRNAs localized in oocytes within the respective egg chambers from an early stage before the oocyte is morphologically identifiable, possibly by expression and transport from the nurse cells (Fig. 3) . By the stage when the oocyte visibly starts to differentiate (stage 8), the transcripts appear to be concentrated at the anterior end of the oocyte in a manner similar to various maternal pattern formation genes such as Bic-C, Bic-D, orb and K10 transcripts, see Fig. 3 (Suter et al., 1989; Lantz and Schedl, 1994; Mahone et al., 1995; Serano and Cohen, 1995; Grünert and St Johnston, 1996) . Although the localization of some transcripts to the anterior of the oocyte at this stage has been interpreted to be a by-product of their nurse cell-to-oocyte transportation rather than crucial for their function (Serano and Cohen, 1995; Grünert and St Johnston, 1996) , these genes do have important roles in pattern formation. In the case of K10 and orb transcripts, a short transport and localization sequence (TLS) that is predicted to form a stem-loop structure, was found within the 3′-UTR of these transcripts. The Dmnk transcript also appears to possess a putative TLS, yet its primary sequence does not exhibit an obvious similarity with the K10 or orb transcripts (data not shown). The Dmnk transcripts also exhibit a dynamic spatio-temporal expression pattern during embryogenesis (Fig. 4) . At very early cleavage-stages Dmnk mRNAs form an anterior-to-posterior concentration gradient which soon seems to weaken to become even throughout the embryo (Fig. 4) . A strong con- centration of transcripts appears at the posterior pole of embryos, whereas the widespread expression of Dmnk mRNAs disappears during the syncytial blastoderm (Fig.  4) . Consistent with this transient expression of Dmnk mRNAs throughout the embryos, a destabilizing sequence (AUUUA) is repeatedly found within the 3′-UTR of Dmnk mRNA (Fig. 1) . The change to a restricted expression of Dmnk transcripts in the posterior pole region may reflect zygotic transcription of the Dmnk gene or the redistribution of maternal transcripts by analogy with the known maternaleffect posterior-group genes (reviewed in St Johnston, 1993), or possibly region-specific degradation of the transcripts.
Consistent with the existence of a putative nuclear localization signal sequence (PTKRSRR) at its C-terminus of Dmnk proteins (Fig. 1) , Dmnk proteins are localized in interphase cell nuclei with a speckled pattern (Figs. 6 and  7) . The expression of Dmnk proteins are first detected in somatic and germ cell (pole cell) nuclei, when these cell nuclei have arrived at the periplasm of the syncytial embryos (Fig. 6) . Expression of Dmnk in somatic cell nuclei disappears during the subsequent syncytial mitotic cycles, resulting in a distribution restricted to pole cell nuclei by the cellular blastoderm stage (Figs. 6 and 7) . Expression of Dmnk proteins in pole cell nuclei was strongly sustained while the pole cells remained in the midgut cavity during gastrulation, suggesting a role in the initial stages of germ line differentiation (Figs. 6 and 7) . The unique and restricted expression of Dmnk proteins during oogenesis and in the posterior polar plasm and the subsequent germ line cell lineage during early embryogenesis is characteristic of maternal-effect posterior-group genes required for pole cell formation. This suggests that Dmnk has a role in germ line establishment and possibly in patterning of the abdominal region of the embryo. The disappearance of Dmnk protein from somatic nuclei at the syncytial blastoderm stage closely followed the disappearance of the transcripts, thus suggesting that the half-life of the protein, or at least of one of its forms, is short. This agrees with the fact that the protein is retained in gastrula-stage pole cells for only slightly longer than the transcripts. We were not able to detect Dmnk protein during mitosis with the techniques employed in this study, so we do not know the distribution of Dmnk protein during nuclear division or whether it is actually present.
Localization of Dmnk proteins in nuclei as 'speckles' led us to consider its possible function in the regulation of transcription and of pre-mRNA splicing, since RNAP II and splicing factors are known to be sequestered to nuclear speckles for storage. In this respect, it is important to note that the mammalian dual specificity kinase Clk/Sty, a member of the LAMMER kinase family, is also localized stably in nuclear speckles and can be associated with particular members of the serine/arginine-rich (SR) family of splicing factors (Ben-David et al., 1991; Howell et al., 1991; Duncan et al., 1995; Colwill et al., 1996; Misteli and Spector, 1997) .
Furthermore, it has been shown that overexpression of Clk/ Sty induces a redistribution of SR proteins from the speckled pattern into a more diffuse distribution within the nucleus (Colwill et al., 1996; Misteli and Spector, 1997) . Thus, it has been proposed that particular sets of protein kinases may regulate both the activity and the subnuclear localization of pre-mRNA splicing factors (Bregman et al., 1995; Kim et al., 1997; Misteli and Spector, 1997; Xiao and Manley, 1997) . Although Dmnk proteins do not exhibit apparent similarity to the family of LAM-MER kinases as well as other SR-specific kinases such as SRPK-1 (Gui et al., 1994) , it is still possible that they regulate the function and subnuclear localization of SR proteins. Hence, it will be of importance to determine whether Dmnk can phosphorylate SR proteins in vitro and in vivo. It is also possible that Dmnk may regulate the functions of LAMMER kinases and of SRPKs via phosphorylation.
Another protein known to be localized within the nuclei of pole cells is vasa. Vasa is concentrated in the structures known as nuclear bodies which derive from the polar granules present in the posterior pole plasm before pole cell formation (Hay et al., 1988a) . The vasa protein is a DEAD box family protein thought to encode a ATP-dependent helicase involved in RNA-splicing (Hay et al., 1988b; Lasko and Ashburner, 1988) . However, the lower number and larger size described for nuclear bodies differs from the 'speckles' detected by anti-Dmnk antibodies in this study. Furthermore, the 'speckles' were also observed in the somatic nuclei of the syncytial blastoderm, indicating that they are not germ cell specific structures. It is, however, of interest to examine whether the alternative splicing observed with Dmnk transcripts is dependent on vasa function.
One attractive mechanism that can distinguish germ cells from somatic cells in early embryos is the transcriptional repression in germ cells. In Drosophila embryos, it was shown that somatic nuclei, but not germ-line nuclei, incorporate [ (Lamb and Laird, 1976; Zalokar, 1976; Kobayashi et al., 1988) . A similar phenomenon has also been observed in Caenorhabditis. Recent studies demonstrate that soma-germ line difference in this organism depends on the germ line-specific nuclear factor PIE-1 Seydoux et al., 1996) . In the absence of PIE-1, newly transcribed mRNAs are detected in both somatic and germ line blastomeres and the descendants of germ line blastomeres eventually differentiate inappropriately into somatic tissues Seydoux et al., 1996) . Furthermore, it was shown that in both Drosophila and Caenorhabditis embryonic germ cells, transcriptional repression correlates well with a specific modification in the phosphorylation pattern of RNA polymerase II (RNAP II) (Seydoux and Dunn, 1997) . Phosphorylated RNAP II exists in two forms in vivo: an inactive form (a storage form) localized to nuclear speckles, while an active form engaged in transcription is localized in the nucleoplasm (Seydoux and Dunn, 1997) . In this respect, localization of Dmnk protein to nuclear speckles in germ cell nuclei raises the possibility that Dmnk mediates transcriptional repression by directly phosphorylating RNAP II, although Dmnk does not show obvious similarity with the CTD kinases identified thus far. Alternatively, Dmnk may phosphorylate and regulate the activities of the CTD kinases that phosphorylate RNAP II. Further studies will be required to elucidate a role(s) of Dmnk in transcriptional repression of germ cells.
Germ line establishment is one of the first and most important events during the development of multicellular organisms, yet the underlying mechanisms are still largely unknown. Here we report the identification and characterization of a novel class of nuclear protein kinases, Dmnk, that exhibits many of the characteristics of proteins known to function in germ line establishment. The isolation of mutations in the Dmnk gene is anticipated to lead to a further understanding of germ cell differentiation. It is also particularly interesting to examine whether a mammalian ortholog(s) of Dmnk exists and functions in totipotent germ line cells or in pluripotent stem cells.
Experimental procedures
Cells and antibodies
COS cells were maintained continuously in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% (v/v) FCS. The transient cDNA transfections into COS cells were performed as described previously (Minami et al., 1995) . Mouse monoclonal antibody 12CA5 (Boehringer Mannheim) recognizes the peptide sequence (YPYDVP-DYA) derived from the human influenza hemagglutinin (HA) protein (Wilson et al., 1984; Oishi et al., 1997) . The rabbit anti-Dmnk antiserum, that recognizes both Dmnk-S and Dmnk-L, was raised against fusion proteins, Dmnk-L fused to glutathione S-transferase (GST). The rabbit antiDmnk antisera were affinity-purified using GST-Dmnk-Lconjugated Sepharose 4B prior to use.
Isolation of cDNA clones
A DNA fragment, that encodes kinase subdomains of Dmnk, was amplified using a PCR strategy and subcloned into the Bluescript vector (pBS, Stratagene) as described previously Ueno et al., 1997) . An embryo cDNA library (0-4 h) (Brown and Kafatos, 1988) was screened using probes (0.2 kb EcoRI-HindIII fragment from pBS-Dmnk) radiolabeled by random priming. Probes (3x10 6 cpm/ml) were hybridized to the plasmid DNA immobilized on nitrocellulose membrane filters (Schleicher and Schuell) for 12 h at 65°C in 1× hybridization buffer (1 M NaCl, 50 mM Tris-HCl (pH8.0), 10 mM EDTA, 0.1% (v/v) SDS), 1× Denhardt's reagent and 100 mg/ml denatured salmon sperm DNA, and washed twice for 30 min at 65°C in 0.1× SSC, 0.1% (v/v) SDS. Clones were isolated and the longest 2.2 kb clone (pNB40-Dmnk) was subjected to further analyses.
DNA sequencing and analysis
Sequencing was performed by the dideoxynucleotide chain termination method using the Thermo Sequenase core sequencing kit (Amersham) and a SQ5500 DNA sequencer (HITACHI). The final sequence was confirmed from both strands. Sequence analyses, comparison and subsequent sequence alignment were performed using Genbank and EMBL databases through the BLASTN programs as well as the DNASIS program (Hitachi Software Engineering, Tokyo).
Northern blot analysis
Total RNA from ovaries, embryos, larvae, pupae and adult flies were prepared using ISOGEN (WAKO). For RNA blot analysis, 5 mg of total RNA was electrophoresed on 1% agarose formaldehyde gels and transferred onto nylon membranes. The probe DNA was prepared from pNB40-Dmnk by digestion with PstI and HindIII, and labeled with [a-32 P]dCTP (Amersham, 3000 Ci/mmol) using the Multiprime labeling kit (Amersham) and hybridized as described previously (Minami et al., 1994) . Specific activity was~1 × 10 6 cpm/ng for all the probe DNAs.
In situ chromosomal mapping of the Dmnk gene
In situ hybridization to polytene chromosome squashes was performed as described previously (Nishida et al., 1988) . The digoxigenin-labeled DNA probe was prepared using the DIG DNA labeling kit following the manufacturer's recommended protocol (Boehringer Mannheim).
Whole-mount in situ hybridization
Whole-mount in situ hybridization (Tautz and Pfeifle, 1989) , using digoxigenin-labeled RNA probes, was performed, with minor modifications (Kobayashi et al., 1994) . Single-strand antisense or sense RNA probes were synthesized in vitro using T7 or T3 RNA polymerases, DIG RNA labeling mix (Boehringer Mannheim), and the pBSDmnk as a template, following the manufacturer's recommended protocol. The antisense RNA probe recognizes both the Dmnk-S and Dmnk-L transcripts. Developmental stages were determined as described previously (Campos-Ortega and Hartenstein, 1997).
Immunostaining of whole-mount embryos
Immunostainings of whole-mount embryos was per-formed as described previously (Vachon et al., 1992) . For labeling of Dmnk protein, embryos were incubated with affinity-purified rabbit anti-Dmnk antibodies. Histochemical detection was performed using biotinylated goat antirabbit IgG, avidin-DH and biotinylated horseradish peroxidase H (Vectastain Elite, Vector Labs) following the manufacturer's recommended protocol. Immunofluorescence analyses were performed using affinity-purified rabbit anti-Dmnk antibodies and FITC-conjugated goat anti-rabbit IgG antibodies (affinity purified, Cappel).
Expression of HA-tagged Dmnk-S and Dmnk-L
Expression vectors encoding the HA-tagged Dmnk proteins (pEF-HA-Dmnk-S and pEF-HA-Dmnk-L) were constructed. The constructs were made to add two tandemlyrepeated HA epitopes at the N termini of the respective forms of Dmnk protein (Dmnk-S and Dmnk-L). The cDNA fragments corresponding to Dmnk-S and Dmnk-L were obtained by PCR using a combination of specific primers that create EcoRI sites at the end of the cDNA fragments. EcoRI-digested PCR products were cloned into the bluescript at the EcoRI site and the sequence of the respective PCR products was confirmed. Subsequently, the cDNA fragments for Dmnk-S and Dmnk-L with EcoRI sites were ligated to the EcoRI-cleaved backbone fragment of the pEF expression vector (Minami et al., 1993) , with an additional nucleotide sequence that encodes the two tandemly-repeated HA epitopes, at the 5′ end of the EcoRIcleaved vector. The transient cDNA transfection into COS cells was performed using the calcium phosphate method as described previously (Minami et al., 1995) . Three days after transfection, COS cells were solubilized with lysis buffer (50 mM Tris-HCl (pH 7.4), 0.5% (v/v) Nonidet P-40 (NP-40), 150 mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM phenylmethyl sulphonyl fluoride (PMSF), 10 mg/ml leupeptin and 10 mg/ml aprotinin) for 30 min at 4°C. The lysates were centrifuged to remove insoluble materials.
Immunoblotting analysis
For immunoblotting analysis, whole-cell lysates from the transfected COS cells were subjected to SDS-PAGE (13%) and electrophoretically-transferred onto PVDF membrane filters. After blocking with TBST-milk (10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% (v/v) Tween 20, 5% non-fat dry milk), membrane filters were incubated with anti-HA antibody (mouse, monoclonal) or with anti-Dmnk antibody (rabbit, polyclonal) in TBST for 1h at room temperature. Filters were then washed with TBST and incubated with HRP-conjugated goat anti-mouse IgG antibodies (Bio Rad) or with HRP-conjugated goat anti-rabbit IgG antibodies (Bio Rad) for 1 h at room temperature. After the washes, the immunoreactive proteins were visualized using a chemiluminescence reagent (Renaissance, NEN).
Identification and quantitation of the Dmnk mRNA splice variant by RT-PCR
Total RNA from Drosophila at various stages of development was isolated as described above. cDNA was synthesized from 5 mg total RNA using 500 ng oligo dT primers and Moloney murine leukemia virus reverse transcriptase (GIBCO BRL). The PCR was carried out using an aliquot of cDNA corresponding to 0.25 mg of total RNA, a sense primer (5′-GAAGATCGGACTCCTCGTTT-3′) and an antisense primer (5′-TAAATTCGCCAATACACTCG-3′) corresponding to nucleotides 194-213 and 1853-1872 in the Dmnk cDNA, respectively. The PCR reaction was run for 30 cycles at 94°C for 1.5 min, 60°C for 2 min and 73°C for 2.5 min. A 10% aliquot of amplified samples was directly sequenced. To quantitate Dmnk splice variants, an internal standard was constructed. The constructs were made to add a 39-bp fragment at the StuI site of the Dmnk cDNA and PCR-amplified as described above, except an antisense primer (5′-AATCCGGCTTGTCCACGA-3′) corresponding to nucleotides 1043-1060. The competitive PCR was run by adding ten-fold serial dilutions of the internal standard to a constant amount of cDNA, using a sense primer (5′-TTCCAGGCAAACCTAACG-3′) and antisense primers for Dmnk-L (5′-GATTCGGTATTTTGAACTCG-3′) and Dmnk-S,-L (5′-GGTGAACTCGTCGTTGTTGA-3′), respectively (Zolnierowicz et al., 1994) . The PCR products were separated on 2% agarose gel and quantitated using Densitograph (ATTO).
Notes
A gene corresponding to the Dmnk-S mRNA has been submitted to Genbank as Drosophila melanogaster ovarian specific serine/threonine protein kinase (loki) mRNA (accession number: DMU87984) by Larochelle and Suter. The sequence of the genomic Dmnk gene has also been submitted by Berkeley Drosophila Genome Project (accession number: DMAC000767). The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL and GenBank nucleotide sequence databases with the following accession numbers; AB007821 (for Dmnk-L mRNA) and AB007822 (for Dmnk-S mRNA).
